The prediction of the maximum depth of the scour hole formed downstream of overflow dams is critical in determining the safety of hydraulic structures. Most of the conventional formulae are not able to consider complex hydraulic and morphologic conditions. A new formula for estimating the maximum depth of the scour hole based on computational fluid dynamics (CFD), which can be used to simulate the complicated phenomenon, is proposed. The relationship between the maximum velocity in numerical simulations and the maximum scour depth is reflected in this formula, which is established using the Levenberg-Marquardt (LM) algorithm. The validity of this proposed formula is discussed by comparing this formula with three other conventional formulae. The prediction formula based on CFD is applied to the Wuqiangxi Dam, and the absolute deviation of the predicted maximum scour depth (35.44 m) from the measured depth (36.00 m) is 0.56 m.
Numerous investigators have concentrated their efforts on developing empirical formulae, which are very convenient to use during preliminary design stages (Bollaert & Schleiss ). Some major formulae used for scour depth prediction are shown in Table 1 (all symbols in Table 1 are defined in the 'Notation' section above). Table 1 References from before 2003 are given in Bollaert & Schleiss (2003) ; the other references are listed at the end of the paper.
Reynolds-averaged Navier-Stokes ( 
Governing equations
The general governing continuity and RANS equations for incompressible flow, including the FAVOR and VOF variables, are as follows.
Continuity equation
Momentum equation
where t is the time, and u, v and w represent the velocities in the x-, y-and z-directions; V F is the volume fraction of fluid in each cell; A x , A y and A z are the fractional areas open to flow in the subscript directions; ρ is the density; P 0 is the pressure; g i is the gravitational force in the subscript direction; and f i represents the Reynolds stresses for which a turbulence model is required for closure.
Turbulence model
The RNG method applies statistical methods for a derivation of the averaged equations for the turbulent kinetic energy (k) and the turbulent kinetic energy dissipation rate (ε). The RNG-based models rely less on empirical constants while setting a framework to derive a range of parameters to be used at different turbulence scales. The empirically determined equation constants in the standard k-ε model are derived explicitly in the RNG model. The RNG k-ε turbulent transport equations are as follows.
where k is the turbulent kinetic energy, ε is the energy dissipation rate, and P is the turbulence production term. This turbulence production term is represented in Cartesian coordinates as
where μ is the dynamic viscosity, and C sp is the shear production coefficient. In Equation (3), G is the buoyancy production term
The diffusion term in Equation (3), D k , is
where ν is the turbulent viscosity, and
where C ε1 , C ε2 and C ε3 are user-adjustable, non-dimensional parameters. The default value for C ε1 is 1.42. C ε2 is computed based on the values of k, and P. C ε3 is 0.2. The diffusion term for the dissipation is
where
For an unbalanced current, especially when secondary currents are flowing, the RNG model with revised coefficients provides lower diffusion than the standard model.
In other words, this model expresses that the predicted viscosity values will usually be increased.
VALIDATION OF THE NUMERICAL MODEL Numerical model implementation
The simulated object in the mathematical model is combined with a practical project. The flood discharging section includes three crest overflowing orifices in the middle and two mid-discharge orifices on either side. As The boundary conditions are as follows.
• Upstream boundary: hydrostatic pressure with zero velocity; a fluid height of 200.73 m is used for the stagnation pressure boundary condition.
• Downstream boundary: hydrostatic pressure with zero velocity; fluid height of 61.513 m is used for the stagnation pressure boundary condition.
• Top boundary: symmetry.
• Bottom boundary: no slip/wall; no slip is defined as zero tangential and normal velocities (u ¼ v ¼ w ¼ 0).
• Sidewalls: symmetry. 
VERIFICATION RESULTS
The aim of this study was to use the output of the simulated For continuity to be satisfied, the strong downwelling must be accompanied by a large horizontal flow along the bed directed away from the dam, tending to sweep bed material away from the riverbed and promote scour. Scour occurs at velocities up to the threshold velocity. As a result, the maximum scour depth is related to the maximum horizontal flow velocity near the bed, but the exact relationship is difficult to understand.
The empirical formulae regarding the scour depth prediction in most literature have the same form (Liu & Li ) 
where x, y and z are the indexes; h m is the maximum scour depth; K is the scour coefficient of rock; q is the unit discharge over structures; H is the difference in height from the water level upstream of the weir to the tailwater level; d is the diameter of the bed material.
The two parameters q and H in Equation (9) Table 2 . Based on Table 2 and field observations, the recommended values for K are given for each project. In this paper, K is chosen to represent the scour resistance offered by the rock. power-law form, such as Equation (9), is adopted to express the relationship between the simulated flow velocity over a flatbed (V m ), the non-dimensional scour coefficient (K ), and the resulting equilibrium scour depth (h m ). The acceleration due to gravity, g, is also incorporated and makes possible a dimensional balance, giving the form of the expression as shown in Equation (10) 
where a, b and c are the exponents, h m is the dependent variable, and V m and K are the independent variables.
Data collection
Because most of the empirical or semi-empirical approaches for modelling rock scour have been developed based on scaled model experiments and exhibit significant scaling effects when applied to prototype cases (Bollaert & Schleiss ) , the available measurement data in the actual cases were surveyed. This survey showed that five types of information in 24 projects (Liu ) in China, namely, scour depth below the initial bed (h m 0 ), fall height (H ), discharge intensity (q), tail water depth (h), and the scour coefficient of rock bed (K ), have been reported. Based on the numerical methodology studied earlier, numerical models of the 24 projects were built according to the engineering data to obtain the maximum velocity, V m , near the bed surface.
The CFD models were all run until a steady flow was achieved. Table 3 shows the data used for solving the unknown exponents a, b and c in Equation (10). The first 18 datasets (75%) were chosen for model training, and the remaining six datasets (25%) were used for testing.
Regression analysis
The appropriate values of a, b and c in Equation (10) were obtained using four types of modern optimisation algorithms on the training sets: LM, genetic algorithm (GA), simulated annealing (SA) and particle swarm optimisation (PSO). The optimisation software package, 1stOpt, was applied to execute these algorithms. 1stOpt was developed by 7D Software High Technology Inc., and this software is a robust, easy-to-use and powerful optimisation tool that can be used widely in various engineering fields (Guan et al. ) . To select the most suitable option of these algorithms, the correlation coefficient (CC) and RMSE were compared for the results with the different algorithms, as shown in Table 4 . The results show that the four algorithms align reasonably well. LM provides the smallest value for the RMSE and the highest value for the CC, making this technique the obvious selection for the final results. The non-linear curve fitting equation using LM is
g ¼ 9.80665 m/s 2 and is then substituted into Equation (11), and the simple form is obtained as Equation (12) h m ¼ 0:179V
The RMSE of this formula is 2.02, and the CC, r, is 0.9852, implying that this formula has a satisfactory goodness of fit and that the two variables explain the maximum scour depth. This result is expected because the flow field characteristics as well as the rock properties have significant influences on the bed erosion.
Validation of the proposed formula
The validation of Equation (12) Chen's formula, Martins' formula and the Veronese formula are suggested in the Bureau of Indian Standards, and are as follows:
As a further check, the performance of Equation (12) and also Equations (13)- (15) and IV (Rather easy to scour), and the scour coefficient, K, resistance of the rock bed in this study, and a more advanced method which can simulate the actual rock properties should be developed in future research. Finally, the object of this study was maximum scour depth, which is not related to time evolution, so scouring process with time should be studied in the future.
